Background
An estimated 623,000 individuals are living with a major lower leg amputation in the United States [1] . Of these amputations, 78% were due to peripheral vascular disease (PVD) and 45% were due to PVD in individuals with type I or II diabetes [2] . With diabetes and PVD incidence levels on the rise [1] and those in a depressed socio-economic situation more susceptible to develop type II diabetes [3] , the demand for affordable, high quality ankle prostheses has never been higher. Prostheses currently available on the market include both passive and active devices, neither of which fully satisfies user requirements.
Passive prostheses, the more commonly prescribed style, are economically priced but lack the powered push-off observed in a natural ankle [4] due to the absence of an actuator. As a result, passive prostheses cause a multitude of quality of life detriments to the end user including asymmetrical gait (for unilateral amputees), slower selfselected walking speeds, higher metabolic cost per distance traveled and increased pain in the residual limb [5] [6] .
Conversely, active devices can nearly match the functionality and powered push-off of a natural ankle [7] but are cost prohibitive. Among active devices, one of the most successful models is the BiOM. Initially developed at MIT, the BiOM uses an actuator in series with a spring to achieve near natural ankle behavior. In 2013, two years after the product's official launch, the device cost approximately $50,000 and had only sold about 1,000 units [7] .
The limitations of currently available ankle prostheses motivates work on a new solution, the EaSY-Walk (Early Stance Y-deflection), a passive ankle device that mimics several key aspects of a natural ankle joint, especially nonlinear rotational stiffness and rotational work output (powered pushoff) that increases with walking velocity while remaining relatively inexpensive.
Methods
The novelty in the EaSY-Walk design involves the use of two compliantly coupled degrees of freedom. The device uses translational work (produced by force along the leg, F, which imparts a deflection along the leg, r) and stores it in a translational spring with spring constant k and deflection x (where x is a function of r). To achieve powered push-off, the stored energy is converted to rotational work about the ankle joint. This work conversion is summarized in Fig. 1 . In a previous design [8] , the conversion of translational work to rotational work was based upon a specified value of θ and translational storage occurred mid-stance. The mid-stance drop and the device being heavier than desired was found to be somewhat uncomfortable by some test subjects.
To eliminate these shortcomings, the EaSY-Walk stores translational energy at the maximum value of leg force, early in the stance phase, and converts it to rotational work at maximum dorsiflexion. This sequence of events is as detailed below in Fig. 2 . Early stance storage and increased work output are achieved, respectively, because the maximum value of F occurs early in the stance phase [4] and increases with walking velocity [6] .
Both energy storage and compliant coupling of translation and rotation are realized through the use of friction based jamming mechanisms (see Fig. 2b & 2c) . Each acts as a oneway clutch (or a mechanical diode).
The EaSY-Walk prototype, shown in Fig. 3, weighs 4 .15 lbs. and is not much larger than a natural ankle-foot complex.
Fig. 3: EaSY-Walk Passive Prosthesis Prototype
In preliminary testing of the prototype, the device was attached to the end effector of a 6-axis industrial robot and a trajectory that approximates the kinematics of human walking was executed. Kinematic data was acquired using potentiometers to measure r and θ. Kinetic data, specifically F and M, was acquired via a 6-axis force/torque transducer mounted on the robot arm. To stay below the max allowable load of the robot, spring rates were scaled to approximately 1/10 of those needed for a 56.7 kg human subject.
Results
Experimental force and motion data were acquired using a robot trajectory associated with a healthy walker and a deflection along the leg of 15 mm. This was compared to simulated results from a quasi-static model of the device. Using F and θ as inputs, the values of r and M were calculated. Representative moment-angle relationships for both cases are displayed in Fig. 4 . Note that arrows represent the progression of the path over time and that a counter-clockwise loop represents positive rotational work done. The experimental data indicates that the prosthesis, over 10 strides, achieved an average 0.171 J of rotational work output, whereas the model predicted an average 0.272 J of work output. This shows that the experimental work output of the device yielded an average of 62.9% of the simulated case.
Interpretation
The EaSY-Walk ankle prosthesis was designed to achieve two primary functions: non-linear rotational stiffness and positive rotational work output about the ankle joint using an early stance deflection technique. As shown in Fig. 4 , EaSY-Walk demonstrates successful completion of each of these functions. Two limitations of the device, however, were identified in robot testing. First, the conversion of translational work to rotational work occurs later than the point of maximum dorsiflexion by approximately 4.9 degrees. This can be attributed to slip in the corresponding jamming mechanism. Second, the device as tested lost 37.1% of the simulated rotational work output. This can be traced back to the distance the bottom end of K1 must travel to transfer from Body B to Body A, which allows energy from the coupling spring to be expended as non-useful work. Human subject testing of the prototype will soon be performed.
Future generations of the EaSY-Walk will focus on improvements to the rotational work conversion mechanism, ensuring that lost energy is minimized and that rotational work is released in closer proximity to maximum dorsiflexion.
